We investigate monocrystalline InAs nanowires (NWs) which are grown by molecular beam epitaxy (MBE) and induced by focused ion beam (FIB) implanted Au spots. With this unique combination of methods an increase of the aspect ratio, i.e. the length to width ratio, of the grown NWs up to 300 was achieved. To control the morphology and crystalline structure of the NWs, the growth parameters like temperature, flux ratios and implantation fluence are varied and optimized. Furthermore, the influence of the used molecular arsenic species, in particular the As 2 to As 4 ratio, is investigated and adjusted. In addition to the high aspect ratio, this optimization results in the growth of monocrystalline InAs NWs with a negligible number of stacking faults. Single NWsx were placed site-controlled by FIB implantation, which supplements the working field of area growth.
I. Introduction
One-dimensional semiconductor NWs have been attracting growing attention in the last decades, due to their unique physical properties compared to the bulk crystal and superiority as building blocks for nanoscale devices. With application in fields like photovoltaics [1, 2] , optoelectronics [3, 4] , single electron transistors [5, 6] and nanomechanics [7] , NWs were studied by many groups. While it is challenging to use self assembled NWs for further applications, site controlled NWs enable new sample designs which can be of use for electrical contacting the NWs or for setting up photonic crystals. Due to the small diameter, the grown NWs might act as quantum wires which could be examined with regard to the behavior of a one dimensional electron gas (1 DEG).
There are different methods to induce the NW growth, which can be separated in catalyst and catalyst free mechanisms. In this work, the NW growth was achieved due to the vapor-liquid-solid-(VLS-) or vapor-solidsolid-(VSS-) growth mechanism [8, 9, 10] . These mechanisms are based on a catalyst droplet, which induces the NW growth on the substrate when expose to the molecular beam like shown in Fig.1b )-c). NWs can be made from different semiconducting materials and nearly arbitrary alloys. In this work, InAs NWs are the main subject of investigation. InAs NWs are selfconducting and have a high charge carrier mobility, a small band gap and a small effective mass, which is based on the properties of the direct semiconductor InAs. These properties make the InAs nanowires a promising investigation to enhance several applications. Usually, the crystal structure of the MBE grown InAs NWs is difficult to control. Often, a repeatedly change of the crystal structure between zincblende and wurtzite within one NW was reported [11, 12] . This leads to undesired scattering in electrical transport and lower optical qualities of the NWs [13, 14] . Therefore, the growth of monocrystalline NWs is highly preferable to overcome these disadvantages. [17] .
In the following we will first report properties of non site controlled FIB induced NWs. The dependence on temperature, arsenic species and implantation fluence will be in investigated in terms of morphology. Additionally, the crystallization and growth direction of self assembled NWs will be presented. Then, we will focus on the properties of site controlled NWs. Especially the numbers of ions per spot to nucleate a single NW and the growth direction will be examined.
II. Growth
For ion implantation and the NW growth a single-side polished (111) B arsenic terminated GaAs wafer is used as a substrate. The wafer is epiready to avoid further preprocessing.
To implant the Au + ions a LMIS, filled with a AuGaor AuSiBe-alloy is used. The LMIS are produced by using eutectic alloys and a wire made of a nonreactive element, high melting point, e.g. tungsten [18, 19] .
To implant the Au + ions, an acceleration voltage of U acc = 30 keV is used. The beam diameter is around 100 nm and the resulting fluence is as descripted for the different samples. Before introducing the sample into the MBE chamber, it is degassed for 45 minutes at 150 • C in the load-lock chamber to reduce contaminations.
To create the catalyst droplet, the substrate temperature is increased to T S = 550 • C for 5 minute in the growth chamber at UHV conditions. The implanted Au forms alloy droplets with the substrate material [8, 20] , which are used for the growth of the NWs via VSS mechanism. To initiate the InAs NW growth, the substrate temperature is reduced to growth temperature ranging from T S = 330 • C to T S = 430 • C and the As valve is opened with a beam equivalent pressure (BEP) from p As = 4.0 × 10 −6 Torr to p As = 6.0 × 10 −6 Torr. The In/Ga shutters are opened with a BEP from p In = 5.5 × 10 −8 Torr to p In = 2.0 × 10 −7 Torr and a p Ga = 3.1 × 10 −7 Torr, depending on the grown nanowire material. The As pressure and species are controlled by a valved cracker cell. The average growth time is one hour, terminated by closing the group III shutters and reducing T Subs. , which results in 5 µm to 20 µm long NWs, depending on the fluxes and growth temperatures. An overview about the implantation and growth parameters for the described samples is found in Tab. 1. The NWs are investigated as-grown by a scanning electron microscope (SEM) for all samples. Microstructural characterization was performed using transmission electron microscopy (TEM) on a Tecnai F20 G2 operating at 200 kV. For TEM sample preparation, the NWs were deposited on a TEM-grid. In order to transfer the InAs NWs, we put a small amount of isopropanol on the grown NWs. By soft scratching on the surface, the NWs are released from the substrate and suspended into the isopropanol which then is charged into a syringe and extruded on the TEM-grid and dried for 15 minutes.
III. Results
To study the influence of the ion implantation, we have to distinguish between large-area and single-spot implantation. In Fig. 2 , the qualitative dependence of InAs NW density on the fluence of sample series A for area implantation is shown. A threshold fluence of Fig. 2c ) [11] . This results in a decreasing density of NWs due to the increasing density of the nanoclusters.
The morphology is given by the growth conditions and was examined in different approaches. Beside the In/As ratio -in the range of 3 to 5 -the substrate temperature T S has a major influence on the aspect ratio of NWs. Different samples were grown where the substrate temperature was varied between 330 • C and 410 • C. In Fig. 3 , the density and length of the InAs NWs is shown for different T S . At low temperatures in the range of 330 • C, the NWs start to grow. With increasing T S , both The image on the left shows a InAs nanowire sample of the series G with a higher As 2 to As 4 ratio, while on the right the As 2 to As 4 ratio was lowered. With a lower As 2 to As 4 ratio the length of the nanowires is increased, while the diameter is reduced.
the length and density of the NWs raise significantly. At T S = 370 • C, both the length and the density of the NWs have a maximum value. At higher temperatures, the density of the InAs NWs drops substantially and for substrate temperatures above 430 • C , no InAs NW growth could be achieved.
Another way to influence the morphology of the NWs is given by the used As species. The As ratio and pressure could be changed by using a valved cracker cell. For a higher As 2 to As 4 ratio, a cracker temperature of 700 • C was used, while for a lower As 2 to As 4 , ratio a cracker temperature of 500 • C was sufficient. In Fig. 4 , SEM images of two different samples from series G are shown. For the first sample, a higher As 2 to As 4 ratio was used (left image Fig.4 ) which leads to a lower NW aspect ratio. The different length of the NWs could be explained by the higher sticking coefficient of As 2 [21] , which leads to a lower diffusion length λ (see Fig.1 ) of the group III adatoms and reduces the length of the InAs NWs corresponding to the VSS mechanism [22, 8, 9] . By using a higher As 4 to As 2 ratio, the aspect ratio of the InAs NWs were increased to 300:1 which corresponds to a length up to 10 µm with a diameter of 30 nm and below. For the higher As 2 to As 4 ratio, the length was reduced to 2 µm while the diameter increased to 60 nm. The growth directions of the NWs is not perpendicular to the surface for most of the NWs like shown in Fig.5  a) . A high percentage of the InAs NWs grow in a projected 60 • angle when looking onto the substrate. The reason for this might be the high lattice mismatch for layer growth of InAs (a InAs = 6, 058Å for a zincblende structure in F-43m group) and GaAs (a GaAs = 5, 653Å for a zincblende structure in F-43m group) [23, 24] . Therefore the planar growth mechanism is not as smooth as for GaAs epitaxial growth on the GaAs (111)B [25] . The surface is roughend by triangular based pyramids right after the opening of the shutter, like shown in Fig.  5 b) . After forming the catalyst, the growth of the NWs does not start at the same time as the planar growth, but after a few minutes delay. Therefore, the [001] growth direction could be explained by the delayed growth of the nanowires on the side facets of the pyramids on the substrate. Another hint is given by the proportionality between the In/Ga ratio in InGaAs NWs and the amount of NWs in the [001] growth direction. In Fig. 5 c) , there is a SEM image of In 0.17 Ga 0.83 As NWs taken from the top and with an angle of 30 • with respect to the surface normal to estimate the growth direction of the NWs. Due to the high Ga amount a high percentage of the NWs grow orthogonally to the surface, in comparison to the pure InAs NWs, where only a few NWs grow orthogonal to the surface in area implantation. For pure GaAs NWs nearly all of the NWs grew orthogonal to the substrate. To conclude: A higher In ratio results in fewer perpendicularly grown NWs, which could be explained by a lower density of pyramides on the substrate when the NW growth starts. When using single spot implantation for single NW growth, the percentage of InAs NWs growing orthogonally is increasing significantly like shown in Fig. 5 d) . The microstructure of the InAs NWs was investigated by TEM. The studied NWs of sample H in Fig. 6 were grown at p As = 5.5 × 10 −6 Torr, p In = 2.0 × 10 −7 Torr and T S = 370 • C with a growth time of one hour and an implanting fluence of 2 × 10 15 ions /cm 2 , like described in Tab. 1. The NWs got a diameter around 50 nm and a length between 4 µm and 6 µm. A typical TEM bright field image and high resolution TEM images of an InAs NW are shown in Fig.6 a) -c) , respectively. The NW appears with a homogeneous contrast and within the NW, no stacking faults or grain boundaries are observed on several NWs while scanning from the bottom to an area close under the droplet. Right under the droplet, a few crystal defects could be observed. Fig.6d ) shows a TEM selected area electron diffraction pattern obtained from the area marked with a white circle in Fig.6a) . Analysis of the diffraction pattern reveals that the crystal structure of the NW is of the hexagonal wurtzite type and not of zincblende structure, known from bulk InAs [23] . For the single NW growth, the fluence is given by the implanted ions per implantation point. To gain single NWs, there is an optimal implanting fluence like shown in Fig. 7 . For a low implanting fluence below 10 5 ions /point, no NW growth could be achieved. With increasing fluence, the chance of creating a single NW from one implantation point is increasing till a maximum effectivity of 45 % is reached at 2 × 10 6 ions /point. With even higher fluences, the chance of getting two or more NWs out of a single implantation point is increasing. Fig. 7 : The graph shows the relative appearance of zero, one and more than one NW per implantation point depending on the implanting fluence grown on sample B. For single NW growth a optimal ion quantity of 2 × 10 6 ions /point for the given setup was determined.
IV. Conclusion
Induction of InAs NW growth due to catalyst implantation by focused ion beam was established. With this method, a simple and clean single step preparation for self assembled and site-controlled NW growth was achieved. Single InAs NW growth was shown with an effectivity of ≈ 45% depending on the implantation fluence. For increasing fluence, the number of NWs induced from one implantation point is rising. For area implantation, a threshold fluence of 10 14 ions /cm 2 was found for the used FIB system. The influence of different growth parameters on the InAs NW growth was reported. The optimal growth temperature was found to be 370 • C where both, the aspect ratio and the density of the InAs NWs have a maximum value. For higher aspect ratios, a lower As 2 to As 4 ratio has to be used, which results in thinner and longer NWs. With optimized the growth parameters and with focused ion implantation it was possible to grow pure monocrystalline InAs NWs which show no stacking faults and aspect ratios up to 300:1.
